Background--Proton pump inhibitors (PPIs) may interfere with the metabolic activation of clopidogrel via inhibition of cytochrome P450 2C19, but the clinical implications remain unclear.
C lopidogrel, a thienopyridine P2Y 12 inhibitor of platelet function, is a cornerstone of cardiovascular pharmacotherapy, with aspirin, in the prevention of myocardial infarction (MI) and stent thrombosis after acute coronary syndromes and percutaneous coronary intervention (PCI). Clopidogrel is a prodrug, requiring conversion to an active metabolite that involves the cytochrome P450 (CYP) system via a combination of the isoenzymes CYP3A4, CYP1A2, CYP2C9, CYP2C19, and/or CYP2B6. 1 The metabolic activation of clopidogrel via CYP450 has resulted in speculation about whether drugs that are inhibitors of or competitors for these isoenzymes may lessen the therapeutic effect of clopidogrel, especially via CYP2C19. Many studies have suggested that such drugs have a significant impact on clopidogrel's inhibition of ex vivo measurements of platelet function, 2, 3 but the clinical impact of this has been difficult to demonstrate. 4, 5 Such an impact would be important to identify with proton pump inhibitors (PPIs), many of which inhibit CYP2C19, because PPIs are recommended as first-line therapy to prevent gastrointestinal complications in high-risk patients. 6 Accordingly, both clopidogrel and PPIs are among the most highly prescribed drugs in the world, and they are often coadministered. 7 The potential for this interaction was first reported by Gilard and colleagues, 2 where patients undergoing PCI using clopidogrel who were receiving PPIs were found to have higher levels of platelet reactivity than patients not receiving PPIs. However, clinical data regarding this interaction have been variable, with some, [8] [9] [10] but not all, [11] [12] [13] observational studies of databases or claims registries demonstrating an increase in cardiovascular events with coadministration, whereas analyses of clinical trials have been more uniform in demonstrating no significant clinical interaction. 5, 14 The significance of this interaction continues to be debated, with both the US Food and Drug Administration and the European Medicines Agency recommending that clopidogrel and CYP2C19 inhibitors should not be administered with PPIs, specifically indicating esomeprazole and omeprazole. 15, 16 Accordingly, we sought to examine whether PPIs affected clopidogrel efficacy in the only 2 major placebo-controlled clinical trials of clopidogrel as an active treatment strategy in which PPI use was documented-in the Clopidogrel for Reduction of Events During Observation (CREDO) study and the Clopidogrel versus Aspirin in Patients at Risk of Ischemic Events (CAPRIE) study.
Methods
This study was a post hoc, retrospective analysis of the CREDO and CAPRIE trials, the details of which have been previously published. 17, 18 Briefly, the CREDO trial was a prospective, randomized, double-blind, placebo-controlled trial of 2116 patients at high likelihood of undergoing PCI that was conduct between 1999 and 2001. Patients were randomized between 3 and 24 hours before PCI to receive either a 300-mg loading dose of clopidogrel or placebo. Afterward, all patients received open label clopidogrel for 28 days. After 28 days, patients randomized to the clopidogrel loading dose received clopidogrel 75 mg/d for the next 11 months; patients initially randomized to placebo loading dose received placebo daily for 11 months. The coprimary end points of the trial were the 28-day composite incidence of all-cause death, MI, or urgent target vessel revascularization and the 1-year composite incidence of all-cause death, MI, or stroke. The CAPRIE trial was a randomized, prospective, controlled trial of 19 185 high-risk patients with either prior MI, ischemic stroke, or peripheral vascular disease, who were randomized between 1992 and 1995 to receive monotherapy with either aspirin 325 mg daily or clopidogrel 75 mg daily. The primary outcome was the composite end point of ischemic stroke, MI, or vascular death after a minimum of 1 year of treatment. In addition, we performed a meta-analysis in which these new data were combined with the available published data sets from blinded, randomized, controlled trials comparing clopidogrel with a treatment believed not to be influenced by concomitant PPI use in which PPI use data were available. These trials include CAPRIE, CREDO, the TRial to assess Improvement in Therapeutic Outcomes by optimizing platelet iNhibition with prasugrel (TRITON) trial, and the PLATelet inhibition and patient Outcomes (PLATO) trial. The goal of the meta-analysis was to obtain overall point and interval estimates for adjusted hazard ratios comparing PPI users with non-PPI users on the trials' primary end points, among patients randomized to clopidogrel and not randomized to clopidogrel. The TRITON and PLATO trials had a primary end point of cardiovascular death, MI, or stroke, and patients not randomized to clopidogrel in these trials were randomized to prasugrel and ticagrelor, respectively.
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PPI Use
The decision to treat with a PPI in either trial was made at the discretion of the patient's provider and was not required by protocol. PPI use was identified both at study baseline and at each study follow-up, along with other concomitant medication use. For the purposes of examining the impact of PPI use on outcomes in CAPRIE and CREDO, patients were defined as PPI users if they were receiving a PPI (omeprazole, lansoprazole, rabeprazole, pantoprazole, or esomeprazole) as active treatment. Active PPI treatment was examined as a time-dependent covariate, where if PPI use was documented at a study visit, the start date was assumed to be 1 day after the previous "No" visit. Subsequently, if PPI use was later found to be discontinued at a visit, then the stop date was assumed to be 1 day after the previous "Yes" visit. This analysis was performed because PPI use was potentially of limited duration in adherence with the original omeprazole product label recommendation of shortterm treatment courses for reflux disease and other gastrointestinal disorders. 19 This potential limitation was thought to primarily affect the CAPRIE analysis, which had a significantly lower percentage of PPI users than the CREDO population and was conducted several years earlier. Additional sensitivity analyses were performed varying the definition of PPI use, including defining PPI use at study baseline, to preserve the randomized comparison, and PPI use at any point throughout study follow-up. Moreover, besides comparing PPI use with non-PPI use within treatment strata, we also directly compared clopidogrel use with non-clopidogrel use within PPI strata.
Statistical Analysis
Numerical baseline characteristics are presented as mean and SD values and were stratified based on PPI use at study baseline. Categorical baseline characteristics, similarly stratified, are summarized as numbers and percentages. In CAPRIE and CREDO, the primary end points were evaluated comparing clopidogrel use with non-clopidogrel use within PPI strata using Cox proportional hazards models. Patients in CAPRIE were additionally stratified by qualifying condition. Additional analyses were conducted using a log-rank test comparing patients receiving a PPI, defined as active PPI treatment, with those patients not taking a PPI in each treatment group. The unadjusted hazard ratio comparing PPI users with non-PPI users and 95% CIs were estimated within treatment strata using a Cox proportional hazards model. To reduce selection bias, we also estimated adjusted hazard ratios comparing PPI users with non-PPI users within treatment strata. For this purpose, the propensity to receiving a PPI at baseline was first estimated via multivariable logistic regression. In CAPRIE, the propensity scores were calculated conditional on race, diabetes, hypercholesterolemia, congestive heart failure, cardiomegaly, atrial fibrillation, stable angina, unstable angina, previous MI, transient ischemic attack, reversible ischemic neurological deficit, previous ischemic stroke, intermittent claudication, and leg amputation. In CREDO, the propensity scores were calculated conditional on race, diabetes, hyperlipidemia, congestive heart failure, atrial fibrillation, stable angina, unstable angina, previous MI, previous ischemic stroke, peripheral vascular disease, PCI, coronary angiography, and coronary artery bypass grafting. The adjustment characteristics in CAPRIE were chosen due to their previous association with ischemic outcomes in the CAPRIE trial. 20 Comparable covariates and significant covariates (P<0.1) between baseline PPI-versus non-PPI-treated patients were used to determine adjustment variables in CREDO. Each Cox proportional hazards model was adjusted for covariates described earlier and stratified by 5 propensity score strata; in CAPRIE, the qualifying condition for enrollment was also a stratification factor. The CAPRIE and CREDO 1-year analyses were intention-to-treat analyses, whereas the CREDO 28-day analysis was per protocol and included all patients who received a loading dose and who underwent PCI. In adddition, we performed a random-effects meta-analysis using the DerSimonian-Laird method to obtain overall point estimates and 95% CIs for adjusted hazard ratios comparing PPI users with non-PPI users, 20 both among patients randomized to clopidogrel and among patients not randomized to clopidogrel, using data from the CAPRIE, CREDO, TRITON, and PLATO trials. Point estimates and 95% CIs for adjusted hazard ratios in the TRITON and PLATO trials were extracted from published articles examining PPI use in these trials.
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Results
CAPRIE

Baseline characteristics
Of the 19 185 patients in CAPRIE, 218 (1.1%) were receiving a PPI at study entry. Of these, 216 patients were receiving omeprazole and 2 patients were receiving lansoprazole, both strong CYP2C19 inhibiting PPIs. Table 1 depicts the baseline characteristics collected in CAPRIE stratified by baseline PPI use. Overall, patients receiving a PPI at study baseline were more likely to have a body mass index >25 kg/m 2 , stable angina, and were more likely to be enrolled in the CAPRIE trial on the basis of a prior MI.
Primary end point
Among patients receiving a PPI at study baseline (n=218), the rate of the primary end point (ischemic stroke, MI, or vascular death) was 11.7% in patients randomly assigned to clopidogrel compared with 4.7% in patients randomly assigned to receive aspirin (unadjusted EHR 2.66, 95% CI 0.94 to 7.50) ( Table 2 ). In patients not receiving a PPI at study baseline (n=18 967), the rate of the primary end point was 9.8% in patients receiving clopidogrel compared with 10.7% in patients receiving aspirin (unadjusted EHR 0.90, 95% CI 0.83 to 0.99); thus, there was a significant interaction (P=0.047, Table 2 ).
In patients randomly assigned to receive clopidogrel (n=9599), the rate of the primary end point was 14.0% in patients receiving a PPI as active treatment compared with 9.6% in patients not receiving a PPI (unadjusted EHR based on time-varying covariate 2.66, 95% CI 1.94 to 3.63, P<0.001) ( Table 3 ). For patients randomly assigned to aspirin (n=9586), the rate of the primary end point in patients receiving a PPI was 9.4% versus 10.7% in patients not receiving a PPI (unadjusted EHR 1.17, 95% CI 0.78 to 1.76, P=0.439) ( Table 3) . After adjustment for covariates listed in the caption to Table 3 and stratification by propensity scores, PPI use remained significantly associated with the primary end point in patients receiving clopidogrel (adjusted EHR based on timevarying covariate 2.39, 95% CI 1.74 to 3.28, P<0.001) but not in those receiving aspirin (adjusted EHR 1.04, 95% CI 0.70 to 1.57, P=0.834; P for interaction=0.001).
Additional analyses were conducted, varying the definition of PPI use. Among patients not taking PPI at any time during the study, those randomized to clopidogrel had an estimated 11% lesser hazard on the primary end point than those randomized to aspirin; in contrast, among patients taking PPIs at any time during the study, those randomized to clopidogrel had an estimated 46% greater hazard on the primary end point than those randomized to aspirin, yielding a statistically significant interaction (P=0.011, Table 2 ). After adjustment for confounders and stratifying by propensity scores, any PPI use was significantly associated with the primary end point in patients receiving clopidogrel (adjusted EHR 1.34, 95% CI 1.02 to 1.76, P=0.033) but not aspirin (adjusted EHR 0.81, 95% CI 0.60 to 1.09, P=0.157). 
CREDO
Baseline characteristics
Of the 2116 patients enrolled in CREDO, 374 (17.7%) patients were receiving a PPI at study entry, a higher percentage of patients compared with the CAPRIE population (1.1%). Of these, the majority of patients were receiving lansoprazole (n=218), followed by omeprazole (n=155), pantoprazole (n=15), and rabeprazole (n-9); 23 patients were receiving ≥2 PPIs at study entry. Table 1 depicts the baseline characteristics stratified by PPI use at study baseline. Of note, patients receiving a PPI were more likely to have a history of hyperlipidemia, PCI, coronary angiography, and/or peripheral vascular disease. In addition, PPI users were more likely to have recently had unstable angina than were those not taking a PPI at study entry.
Primary end point
Among patients who were receiving a PPI at study baseline (n=336), the rate of the 28-day primary end point (all-cause death, MI, urgent target vessel revascularization) in patients receiving a clopidogrel loading dose was 11.1% compared with 10.3% in patients receiving a placebo loading dose (unadjusted EHR 1.10, 95% CI 0.57 to 2.11) ( Table 4 ). In patients who were not receiving a PPI at study baseline (n=1479), the rate of the 28-day primary end point was 5.8% in patients receiving a clopidogrel loading dose compared with 7.8% in patients receiving a placebo loading dose (unadjusted EHR 0.74, 95% CI 0.50 to 1.10); thus, there was no significant interaction (P=0.315, Table 4 ). In patients receiving a clopidogrel loading dose (n=900), the rate of the 28-day primary end point in patients receiving a PPI as active treatment was 10.1% compared with 5.4% in patients not receiving a PPI (unadjusted EHR based on timevarying covariate 1.82, 95% CI 1.10 to 3.04, P=0.021) ( Table 5 ). In contrast, among patients receiving a placebo loading dose (n=915), the rate of the primary end point in those receiving a PPI as active treatment was 9.1% compared with 7.9% in patients not receiving a PPI (unadjusted EHR 1.16, 95% CI 0.72 to 1.88, P=0.538) ( Table 5 ). After adjustment for covariates listed in the caption to Table 5 and stratification by propensity scores, PPI use remained significantly associated with the primary end point in patients receiving a clopidogrel loading dose (adjusted EHR based on time-varying covariate 1.71, 95% CI 1.09 to 2.91, P=0.047) but not a placebo loading dose (adjusted EHR 1.13, 95% CI 0.70 to 1.84, P=0.617; P for interaction=0.258).
Among patients not taking PPIs at any time during the study, those randomized to clopidogrel had an estimated 33% lesser hazard on the primary end point than those randomized to placebo; among patients taking PPI at any time during the study, those randomized to clopidogrel had an estimated 13% greater hazard on the primary end point than those randomized to placebo, so that the interaction was not statistically significant (P=0.141, Table 4 ). After adjustment for potential confounders and stratifying by propensity scores, any PPI use was associated with the 28-day primary end point in patients randomized to the clopidogrel loading dose (adjusted EHR 1.81, 95% CI 1.07 to 3.05, P=0.026) but not the placebo loading dose (adjusted EHR 1.10, 95% CI 0.68 to 1.79, P=0.692).
For the 1-year primary end point, in patients receiving a PPI at baseline (n=374), the rate of the primary end point (allcause death, MI, stroke) in patients randomized to clopidogrel was 12.8% compared with 15.9% in patients randomized to placebo (unadjusted EHR 0.82, 95% CI 0.48 to 1.40) ( Table 6 ). In patients not receiving a PPI at baseline (n=1742), the rate of the primary end point in patients randomized to clopidogrel was 7.6% compared with 10.5% in patients randomized to placebo (unadjusted EHR 0.71, 95% CI 0.52 to 0.98); thus, there was no significant interaction (P=0.682, Table 6 ).
In patients randomized to clopidogrel (n=1053), the rate of the primary end point in patients receiving a PPI as active treatment was 12.0% compared with 7.0% in patients not receiving a PPI (unadjusted EHR based on time-varying Table 7) . Among patients randomized to placebo (n=1063), the rate of the primary end point in those receiving a PPI was 14.8% compared with 10.0% in patients not receiving a PPI (unadjusted EHR 1.61, 95% CI 1.10 to 2.35, P=0.014) ( Table 7) . After adjustment for covariates listed in the caption to Table 7 and stratification by propensity scores, PPI use was still significantly associated with the primary end point in patients receiving both clopidogrel (adjusted EHR based on time-varying covariate 1.67, 95% CI 1.06 to 2.64, P=0.027) and placebo (adjusted EHR 1.56, 95% CI 1.06 to 2.30, P=0.025; P for interaction=0.811). Among patients not taking PPIs at any time during the study, those randomized to clopidogrel had an estimated 31% lesser hazard for reaching the primary end point than those randomized to placebo; among patients taking PPIs at any time during the study, those randomized to clopidogrel had an estimated 18% lesser hazard of reaching the primary end point than those randomized to placebo, so that the interaction was not statistically significant (P=0.551, Table 6 ). After adjustment for potential confounders and stratifying by propensity scores, any PPI use was associated with the primary event in both patients randomized to clopidogrel (adjusted EHR 1.76, 95% CI 1.14 to 2.71, P=0.010) and to placebo (adjusted EHR 1.49, 95% CI 1.03 to 2.16, P=0.035).
Meta-analysis
Data from the 53 510 patients enrolled in the 4 randomized controlled trials of clopidogrel were included in the metaanalysis, including 26 723 randomized to daily clopidogrel and 26 787 randomized to the alternative antiplatelet agent whose metabolism is not believed to be influenced by PPI use. In total, 12 581 of enrolled patients received a PPI (23.5%), whereas 40 929 did not. Among patients randomized to clopidogrel, the overall estimate (and 95% CI) for an adjusted hazard ratio comparing PPI users with non-PPI users was 1.41 (0.99 to 2.00; P=0.053) (Figure) . Among patients randomized to the alternative antiplatelet agent, the overall estimate (and 95% CI) was 1.16 (0.98 to 1.38; P=0.08) (Figure) . The overall P value for interaction between PPI use and clopidogrel was 0.39. These findings can be understood by noting that (1) CREDO and PLATO both found a positive association between PPI use and occurrence of the primary end point, regardless of assigned antiplatelet agent; (2) TRITON found essentially no association between PPI use and the primary end point of the trial in either arm; and (3) CAPRIE found a positive association between PPI use and the primary end point among patients randomized to clopidogrel but essentially no association between PPI use and the primary end point among patients randomized to aspirin.
Discussion
The most important finding of this study was that the use of PPIs was associated with adverse outcomes in patients randomized to clopidogrel in the CAPRIE trial but not in those randomized to aspirin. In contrast, PPI use was associated with adverse outcomes in both clopidogrel and placebo groups in patients enrolled in the CREDO trial. The data from the CREDO trial are consistent with both observational and clinical trial data that have been previously published. Some, [8] [9] [10] but not all, [11] [12] [13] observational analyses of claims databases or registries indicate an association of adverse outcomes with patients concomitantly receiving both clopidogrel and a PPI. However, these findings are prone to confounding bias. In all of these registry analyses, in many important ways, patients receiving a PPI were older and sicker than those who were not receiving a PPI, and in one analysis, there was increased risk associated with the concomitant use of clopidogrel and all PPIs regardless of CYP2C19 metabolism, 10 indirectly supporting the presence of confounding. Similarly, Blackburn and colleagues 22 have
reported that acid-suppressive drug use with either histamine blockers or PPIs was significantly associated with hospitalization for MI or acute coronary syndrome regardless of whether patients were receiving clopidogrel, also supporting the existence of confounding in many of these observational analyses. The CREDO trial supports this hypothesis in that PPI use was associated with the 1-year primary end point, regardless of treatment assignment to clopidogrel or placebo. Although these data taken together primarily describe a confounding effect of PPI use, a direct cardiotoxic effect of PPIs cannot be excluded from these observational studies. Shillinger and colleagues, 23 for example, have demonstrated that pantoprazole and omeprazole have negative effects on myocardial contractility. An analysis by Charlot and colleagues 23, 24 revealed that PPI use was associated with adverse cardiovascular events in heart failure patients irrespective of treatment with clopidogrel. Furthermore, Bell and colleagues have identified an association between PPI use and all-cause mortality in institutionalized elderly patients, whereas Schmidt and colleagues identified that PPI use was associated with adverse cardiovascular outcomes in patients receiving PCI, despite adjustment for potential confounding variables in both analyses. 13, 25 Perhaps the greatest evidence against such a direct cardiotoxic effect, however, is the Clopidogrel and the Optimization of Gastrointestinal EvENTs (COGENT) trial, in which all patients received clopidogrel; patients randomly assigned to PPIs did not have more frequent cardiovascular events. In contrast to CREDO, the findings in the CAPRIE trial are unexpected and represent the first subgroup analysis from a randomized trial that suggests a risk of PPI use when administered to patients assigned to clopidogrel but not the comparator antiplatelet agent whose metabolism is not believed to be affected by a PPI. These findings stand alone and are discordant with both prospective, randomized trial data as well as retrospective, post hoc analyses of existing randomized trial data. O'Donoghue and colleagues 5 identified no significant association between PPI use and adverse outcomes in either clopidogrel-or prasugrel-treated patients in the TRITON trial. Similarly, PPI use did not significantly influence outcomes in ticagrelor-or clopidogrel-treated patients in the PLATO trial. 21 Finally, the prospective, randomized trial COGENT-1 did not identify an excess of adverse cardiovascular events with a novel drug formulation of clopidogrel and omeprazole compared with clopidogrel only.
14 There are several potential explanations for the discordant findings observed in CAPRIE. The identification of an association between PPI use and adverse outcomes in clopidogreltreated patients, but not aspirin-treated patients, is consistent with the mechanistic potential for this interaction demonstrated previously. 2, [26] [27] [28] The treatment groups in CAPRIE were clopidogrel monotherapy versus aspirin monotherapy; other data examining a PPI-clopidogrel interaction have been collected in patients receiving the combination of clopidogrel and aspirin versus a comparator. It is possible that a weak but real adverse interaction between clopidogrel and PPIs is less evident with the administration of aspirin, which was demonstrated in CAPRIE but not in the other trials because they involved the administration of dual antiplatelet therapy. It is also possible that the increase in adverse events was the play of chance in a small number of patients. In summary, the findings from the CREDO trial support the hypothesis that PPI use is a significant confounder associated with adverse cardiovascular outcomes and that PPIs do not reduce the clinical efficacy of clopidogrel. This conclusion is reinforced by the results of our meta-analysis. However, the analyses of CAPRIE are consistent with the hypothesis that PPIs might reduce the efficacy of clopidogrel, at least in patients receiving clopidogrel alone (without aspirin), and support the need for further study of patients receiving monotherapy with clopidogrel.
